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Spinal cord injury results in a massive loss of neurons, and thus of function. We recently reported
that passive transfer of autoimmune T cells directed against myelin-associated antigens provides
acutely damaged spinal cords with effective neuroprotection. The therapeutic time window for the
passive transfer of T cells was found to be at least 1 week. Here we show that posttraumatic T
cell-based active vaccination is also neuroprotective. Immunization with myelin-associated antigens
such as myelin basic protein (MBP) significantly promoted recovery after spinal cord contusion injury
in the rat model. To reduce the risk of autoimmune disease while retaining the benefit of the immu-
nization, we vaccinated the rats immediately after severe incomplete spinal cord injury with MBP-
derived altered peptide ligands. Immunization with these peptides resulted in significant protection
from neuronal loss and thus in a reduced extent of paralysis, assessed by an open-field behavioral
test. Retrograde labeling of the rubrospinal tracts and magnetic resonance imaging supported the
behavioral results. Further optimization of nonpathogenic myelin-derived peptides can be expected
to lead the way to the development of an effective therapeutic vaccination protocol as a strategy for
the prevention of total paralysis after incomplete spinal cord injury.

J. Clin. Invest. 108:591-599 (2001). DOI:10.1172/JCI200112837.

Introduction

Propagation of damage is a common occurrence after
any CNS insult. Consequently, the outcome of incom-
plete spinal cord injury (ISCI) is far more severe than
might have been expected from the immediate effect of
the insult. This is because the injury not only involves
primary degeneration of the directly injured neurons,
but also initiates a self-destructive process that leads to
secondary degeneration of neighboring neurons that
escaped the initial insult (1-3). A great deal of research
has been devoted to limiting the extent of secondary
degeneration and thereby improving functional recov-
ery from partial CNS injury (4-14).

We have reported in the past few years that passive
immunization with T cells directed to CNS-associated
myelin antigens leads to reduction of secondary degen-
eration (4, 15). Given these results, we formulated the
concept of protective autoimmunity (16).

Protective autoimmunity is a relatively new concept.
It refers to a benign autoimmune response that con-
tributes to the maintenance and protection of injured
neurons and the promotion of recovery after traumat-
ic injury to the CNS (4, 15-21). The pathological
aspects of autoimmunity in the CNS, leading to vari-
ous autoimmune disorders, are well-characterized.
Understanding the mechanism of the benign autoim-

mune response to injury-associated self-antigens, how-
ever, is still in its infancy (22, 23). This response may be
viewed as reminiscent of the response evoked by
pathogen attack, in which recruitment of the immune
system is considered essential. Mechanical or bio-
chemical insults to the CNS do not involve pathogens,
and thus recruitment of the adaptive immune system
has not been considered relevant, as there seems to be
no obvious need to mount a defense. Our observations
suggest that the role of protective immunity that devel-
ops under nonpathogenic conditions (such as those
occurring in CNS trauma) is possibly to halt the pro-
gressive degeneration (17, 18). However, the ability of
individuals or strains to spontaneously mount such a
T cell-mediated protective immunity was found to be
genetically controlled and was associated with the abil-
ity to resist development of an autoimmune disease,
when challenged by encephalitogenic myelin antigens
(17). Because the protective immunity was found to be
amenable to boosting by passive transfer of T cells, we
explore here the possibility of translating this approach
into an active therapeutic vaccination.

The therapeutic time window for the transfer of T cells
after ISCI was found to be at least 1 week; passive trans-
fer of T cells 1 week after ISCI was as effective as imme-
diate injection of the T cells (15). A protocol based on

The Journal of Clinical Investigation |

August2001 |

Volume 108 | Number 4

591



592

transfer of T cells for therapeutic purposes requires the
use of autologous cells and their ex vivo expansion. The
therapeutic time window, however, may not allow with-
drawal of blood, isolation and expansion of cells, and
reintroduction to the same individual.

In the present study, we explored the possibility of
translating our finding of T cell-mediated neuroprotec-
tion into an active therapeutic vaccination, taking
advantage of the fact that the T cell response after
immunization has a rapid onset (3-5 days).

In selecting a protocol for active immunization, the
choice of a suitable self-antigen is complicated by the
selected antigen’s possible potential for autoimmune
destruction. The identity of the endogenous antigen
that evokes the physiological neuroprotective immune
response after different insults is not yet fully charac-
terized. The antigen selected to boost this response
must induce a protective autoimmune response with-
out causing an autoimmune disease. Nonencephalito-
genic peptides derived from identified self-proteins
seem to be promising candidates. However, owing to
the diversity of the HLA in humans, a self-protein
sequence that will be universally nonencephalitogenic
is not likely to be found.

In the present study, we also address questions relat-
ing to the choice of safe antigens and of the protocol
for immunization with them.

Methods

Animals. Inbred adult Lewis or Sprague-Dawley (SPD)
rats (10-12 weeks old, 200-250 g) were supplied by the
Animal Breeding Center of The Weizmann Institute of
Science. The rats were matched for age and weight in
each experiment and housed in a light- and tempera-
ture-controlled room.

Antigens. Myelin basic protein (MBP) was prepared from
the spinal cords of guinea pigs (4) or purchased from
Sigma Chemical Co. (St. Louis, Missouri, USA). Spinal
cord homogenate was prepared from autologous rat
spinal cords homogenized in PBS (vol/vol). Modified
(nonencephalitogenic) MBP peptides were derived from
an encephalitogenic peptide, amino acids 87-99 of MBP,
by replacing the lysine residue 91 with glycine (G91, kind-
ly donated by L. Steinman) or the proline residue 96 with
alanine (96A, synthesized at the Weizmann Institute of
Science, Rehovot, Israel). All peptides used in the study
had a purity of greater than 95%, as confirmed by reverse-
phase HPLC. Antigens were emulsified in equal volumes
of incomplete Freund’s adjuvant (IFA; Difco Laborato-
ries, Detroit, Michigan, USA), CFA supplemented with 5
mg/ml Mycobacterium tuberculosis (Difco Laboratories) (an
amount that leads to severe symptoms of experimental
autoimmune encephalomyelitis [EAE] in uninjured rats),
or CFA with a low bacterial supplement (0.5 mg/ml
Mycobacterium butyricum; Difco Laboratories).

Spinal cord contusion or transection. Rats were anesthetized
by intraperitoneal injection of Rompun (xylazine, 10
mg/kg; Vitamed, Israel) and Vetalar (ketamine, 50 mg/kg;
Fort Dodge Laboratories, Fort Dodge, Iowa, USA), and

their spinal cords were exposed by laminectomy at the
level of T8. One hour after induction of anesthesia, a 10-
grod was dropped onto the laminectomized cord from a
height of 50 mm, using the NYU impactor (New York
University, New York, New York, USA), a device shown to
inflict a well-calibrated contusive injury of the spinal cord
(5,6, 15, 24). The spinal cords of another group of rats
were completely transected, as described previously (25).

Active immunization. Rats were immunized subcuta-
neously at the base of the tail, on a random basis, with
MBP, spinal cord homogenate, or altered peptide lig-
ands (APLs), or were injected with PBS, each emulsified
in an equal volume of CFA containing 5 mg/ml M.
tuberculosis, CFA containing 0.5 mg/ml M. butyricum, or
IFA. The immunization was performed within 1 hour
after contusion or 7 days earlier. Control rats were
sham-operated (laminectomized but not contused),
immunized, and examined daily for symptoms of EAE,
which were scored on a scale of 1 to 5 (26).

Animal care. In contused rats, bladder expression was
assisted by massage at least twice a day (particularly
during the first 48 hours after injury, when it was done
three times a day), until the end of the second week, by
which time automatic voidance had been recovered in
SPD rats. Lewis rats required this treatment through-
out the experiment. All rats were carefully monitored
for evidence of urinary tract infection or any other sign
of systemic disease. During the first week after contu-
sion and in any case of hematuria after this period,
they received a course of sulfamethoxazole (400
mg/ml) and trimethoprim (8 mg/ml) (Resprim; Teva
Laboratories, Israel), administered orally with a tuber-
culin syringe (0.3 ml of solution per day). Daily inspec-
tions included examination of the laminectomy site
for evidence of infection and assessment of the
hindlimbs for signs of autophagia or pressure.

Assessment of recovery from spinal cord contusion.
Behavioral recovery was scored in an open field using
the Basso, Beattie, and Bresnahan (BBB) scale (27),
where a score of 0 registers complete paralysis and a
score of 21, complete mobility (5, 6, 15, 24). Blind
scoring ensured that observers were not aware of the
treatment received by individual rats. Approximately
once a week, the locomotor activities of the trunk,
tail, and hindlimbs were evaluated in an open field by
placing each rat for 4 minutes in the center of a cir-
cular enclosure (90 cm diameter, 7 cm wall height)
made of molded plastic with a smooth, nonslip floor.
Before each evaluation, the rats were examined care-
fully for perineal infection, wounds in the hindlimbs,
and tail and foot autophagia.

Retrograde labeling of rubrospinal neurons. Spinal contu-
sion was preceded by immunization with spinal cord
homogenate emulsified in CFA (0.5 mg/ml bacteria) or
by injection with PBS in the same adjuvant. Three
months later, two rats from each group were reanes-
thetized, and the dye rhodamine dextran amine (Fluo-
ro-ruby; Molecular Probes, Eugene, Oregon, USA) was
applied below the site of contusion at T12. After 5 days,
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the rats were again deeply anesthetized and their brains
were excised, processed, and cryosectioned. Sections
taken through the red nucleus were inspected and ana-
lyzed qualitatively and quantitatively by fluorescence
and confocal microscopy.

Diffusion-anisotropy MRI. Diffusion anisotropy was
measured in a DMX wide-bore spectrometer (Bruker,
Karlsruhe, Germany), using a microscopy probe with a
5-mm Helmholz coil and actively shielded magnetic
field gradients. The observer was blinded to each rat’s
identity. Multislice echo imaging was performed with
nine axial slices, with the central slice positioned at the
center of the spinal injury. Images were obtained with a
TE of 31 milliseconds, TR 2000 milliseconds, diffusion
time 15 milliseconds, diffusion gradient duration 3 mil-
liseconds, field of view 0.6 cm, matrix size 128 X 128 pix-
els, slice thickness 0.5 mm, and slice separation 1.18
mm. Left to right images represent axial sections from
head to foot. Four diffusion gradient values (0, 28, 49,
and 71 g/cm) were applied along the read direction
(transverse diffusion) or along the slice direction (lon-
gitudinal diffusion). Using an exponential fit for each
pixel, we obtained a transverse and a longitudinal appar-
ent diffusion coefficient (ADC) map, from which an
anisotropy ratio matrix was derived. The accumulated
anisotropy in each slice was integrated (28). For each rat,
the lowest value of the slice anisotropy integral was
defined as the lesion site.

Results

Spinal cord functional recovery after postinjury immunization
with myelin basic protein. In light of our earlier finding
that the therapeutic time window for ISCI is at least 1
week (15), and considering the rapid development of the
T cell response after immunization, a T cell-based ther-
apeutic active immunization could be considered. We
first examined whether active immunization with MBP,
immediately after contusion injury, can effectively
replace the posttraumatic passive transfer of anti-MBP
T cells. The initial choice of adjuvant was IFA, on the
assumption that it would promote a cell-mediated
immune response but would not cause EAE (29, 30).
Immunization with MBP emulsified in IFA, performed
directly after severe ISCI, resulted in better recovery than
that seen in control rats similarly injected with PBS in
IFA. However, this postinjury immunization was not as
effective as the immunization protocols described pre-
viously (preinjury active immunization with MBP in
IFA [ref. 15] or postinjury passive transfer of T cells
directed to MBP [Figure 1]). We reasoned that the dif-
ference was due to the choice of the adjuvant (IFA). This
adjuvant induced a relatively delayed onset of the
response to MBP, which, in turn, did not fit within the
therapeutic time window for neuroprotection after
spinal cord contusion injury (15). We performed a set of
vaccinations in spinally contused rats to determine
whether the use of MBP emulsified in CFA would
reduce the time for evoking a T cell response relative to
MBP emulsified in IFA. The findings confirmed that

CFA induces an earlier and stronger T cell response than
that induced by IFA. Therefore, in all subsequent immu-
nization protocols, we used antigens emulsified in CFA.

Active immunization with spinal cord homogenate emulsi-
fied in CFA. To determine whether the effectiveness of
active immunization could be increased by a change of
the antigen, we examined the effect of immunization
with spinal cord homogenate, which contains a spec-
trum of myelin proteins, rather than with MBP only.
Before examining a postinjury vaccination, we exam-
ined the efficacy of preinjury immunization. Seven
days before spinal cord contusion, female Lewis rats
(n =7) were immunized with spinal cord homogenate
emulsified in CFA (containing 0.5 mg/ml bacteria). A
control group of female Lewis rats (n = 7) was injected
with PBS emulsified in the same adjuvant. Three unin-
jured female rats that were immunized according to the
same protocol showed no detectable symptoms of EAE.
In a separate set of experiments, female rats (n = 6 for
each group) were immunized, 7 days before spinal cord
contusion, with spinal cord homogenate emulsified in
CFA containing 5 mg/ml bacteria. Because of slight
variations in the results among contused control rats,
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Figure 1

Posttraumatic passive and active immunization with MBP after spinal
cord contusion. Passive transfer (a) of MBP-reactive T cells (T-MBP),
immediately after spinal cord contusion, conferred significant neuro-
protection in female Lewis rats (n = 6), whereas active immunization (b)
with MBP (100 pg/rat) emulsified in IFA, immediately after the contu-
sion, had a smaller effect that was not statistically significant (n = 5).
This result suggests that the autoimmune response evoked by post-
traumatic vaccination with IFA is not sufficient (in its timing or extent)

to significantly affect functional recovery after ISCI (*P < 0
**P < 0.01, two-tailed Student’s t test).
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Figure 2

The type of adjuvant can affect the outcome of ISCI. (a) Seven female
Lewis rats, immunized (7 days before contusion) with spinal cord
homogenate (SCH) emulsified in CFA containing 0.5 mg/ml M.
butyricum, recovered significantly better (P < 0.05, two-way ANOVA
with replications; *P < 0.05, **P < 0.01, two-tailed Student’s t test)
than did seven control littermates injected with PBS in the same adju-
vant. (b) The same immunization protocol, when applied with a
stronger adjuvant, has the opposite effect. Rats immunized with
spinal cord homogenate in CFA containing 5 mg/ml M. tuberculosis
developed severe EAE symptoms and showed significantly worse
recovery than did six control littermates injected with PBS in the same
adjuvant (P < 0.05, two-way ANOVA with replications).

594

a control group of rats injected with an emulsion of
PBS and the relevant adjuvant or of untreated contused
rats was included in each experiment shown below.
Immunization of female Lewis rats with spinal cord
homogenate emulsified in the adjuvant with the lower
bacterial content (0.5 mg/ml) resulted in significantly
better recovery from the ISCI than that obtained in PBS-
treated controls (Figure 2a): a maximal score 0of 8.2 £ 0.2
(mean + SE) on the BBB locomotor rating scale com-
pared with 5.5 + 0.2 (two-way ANOVA with replications;
P <0.05). ABBB score of 8.2 indicates extensive move-
ment of all three hindlimb joints and plantar placement
of the paw (three animals showed occasional weight sup-
port and plantar steps), whereas a score of 5.5 indicates
slight movement of two hindlimb joints and extensive
movement of the third, without plantar placement of
the paw or swiping and without weight support. After
immunization with spinal cord homogenate emulsified
in the more potent adjuvant (containing 5 mg/ml bac-
teria; Figure 2b), spinally contused rats (# = 6) showed no
recovery relative to controls, and three noninjured lit-

termates showed extremely severe symptoms of EAE. It
should be noted that the control groups immunized
with PBS in the two different adjuvants showed differ-
ences that might reflect a general effect of the immune
response to trauma, possibly with some boosting by the
bacteria. The observed loss of the beneficial effect,
together with signs of severe encephalitogenicity when
the bacterial dosage was high, raises questions about the
connection between beneficial autoimmunity and devel-
opment of autoimmune disease. It is possible that both
protective and pathogenic autoimmunity depend on the
presence of specific autoreactive T cells and regulatory T
cells (22), which act together in a beneficial or in a harm-
ful way depending on their dosage and their propor-
tions. Accordingly, the present results suggest that
immunization with myelin-associated antigens should
be rigorously controlled in order to avoid pathogenicity
and to promote neuroprotection.

Morphological evidence for spinal cord protection after active
immunization. The behavioral results described above
were correlated with results obtained by retrograde
labeling of rubrospinal neurons in the red nucleus of
the brain, after administration of the neurotracer dye
Fluoro-ruby below the site of spinal cord contusion.
Sections from red nuclei of rats that were immunized
with spinal cord homogenate in CFA (0.5 mg/ml) or
injected with PBS in the same adjuvant are shown in
Figure 3. As previously reported (15), the number of
stained rubrospinal neurons correlated well with the
behavioral outcome as measured by the BBB score.

In the diffusion-anisotropy MRI analysis, axial
anisotropy maps calculated from the diffusion weight-
ed images taken from the spinal cords of rats immu-
nized with spinal cord homogenate in CFA (0.5 mg/ml)
showed areas of diffusion anisotropy along the entire
length of the cord, and all cords manifested a continu-
ous longitudinal structure (Figure 4). In contrast, slices
taken from the PBS-injected controls showed a loss of
organized structure at the center of the lesion site, and
the area of diffusion anisotropy in most of the analyzed
slices was relatively small (Figure 4). The sum of
anisotropy (SAI) representing the anisotropy value at
the site of the injury (the slice with lowest SAI) was
almost twice as high in rats immunized with spinal
cord homogenate as in PBS-injected controls (290 com-
pared with 167 arbitrary units). The behavioral out-
come correlated well with the MRI results: the higher
the behavioral score, the larger the area of diffusion
anisotropy found at the site of the lesion (28).

Active immunization limits paralysis after spinal injury in
EAE-vesistant Sprague-Dawley rats. We recently showed that
in SPD rats, known to be resistant to induction of EAE,
spinal cord contusion evokes an endogenous beneficial
immune response (18). Our studies using the rat model
of optic nerve injury have shown that resistant rats recov-
er better than do susceptible rats (17). Here we found
that the same is true with respect to ISCI: EAE-resistant
SPD rats show better spontaneous recovery from spinal
cord contusion of identical severity and spine level than
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do susceptible Lewis rats (Figure 5). Accordingly, it was
suggested that this endogenous protective immune-
associated response exists in EAE-resistant strains, but
not in strains that are susceptible to EAE (17). It was
therefore of interest to determine whether active immu-
nization can further benefit the functional recovery in a
strain that is spontaneously recovering better (i.e., EAE-
resistant), possibly by boosting the spontaneous protec-
tive response. This is an important issue, as the recovery
by neuroprotection is inherently determined not only by
the therapy, but also by the model and the amount of
spared tissue that is vulnerable to secondary degenera-
tion and amenable to neuroprotection. Twelve days
before spinal cord contusion, five male SPD rats were
immunized with spinal cord homogenate emulsified in
CFA (containing 0.5 mg/ml bacteria) and five were
injected with PBS in the same adjuvant (Figure 6). The

SCH+CFA

PBS+CFA

Figure 4

Figure 3

Retrograde labeling of cell bodies in the red nucleus. Spinal contu-
sion was preceded 7 days earlier by immunization with spinal cord
homogenate emulsified in CFA (containing 0.5 mg/ml bacteria) or
by injection with PBS in the same adjuvant (Figure 2a). Three months
later, two rats from each group were reanesthetized and the dye rho-
damine dextran amine (Fluoro-ruby) was applied below the site of
contusion. Five days later, the rats were sacrificed and their brains
were excised, processed, and cryosectioned. Sections taken through
the red nucleus were inspected and analyzed qualitatively and quan-
titatively by fluorescence and confocal microscopy. Significantly
more labeled rubrospinal neurons were seen in slices from the immu-
nized rats (bottom) (BBB score = 8) than from the PBS-treated rats
(top) (BBB score = 5.5).

immunized rats showed significantly better functional
recovery than did the PBS-injected controls, starting
from day 12 after contusion and at all indicated time
points (P < 0.05, two-way ANOVA with replications).
These findings suggest that immunization with myelin-
associated self-antigens can promote recovery after ISCI
in both EAE-resistant and EAE-susceptible rats.

Our previous studies on injured rat spinal cord implied
that immune neuroprotection by passive transfer of T
cells directed to MBP can prevent complete paralysis after
partial ISCL David and colleagues suggested that vacci-
nation with spinal cord homogenate emulsified in IFA
before dorsal hemisection of the spinal cord could facili-
tate processes of axonal regeneration (31). It was conse-
quently of interest to determine whether pre- or post-
traumatic active immunization is effective in the event of
complete transection. In this case, no axons maintain
their integrity across the injury site, and thus any
observed functional improvement below the primary site
of transection would reflect regeneration rather than pro-
tection from the propagation of degeneration. Seven days
before complete spinal cord transection, five female Lewis
rats were immunized with spinal cord homogenate emul-
sified in IFA, and five were injected with PBS in IFA. Five
more were immunized immediately after the complete
transection. As in the case of passive immunization with

Maps showing diffusion anisotropy of the contused spinal cords. Rats were deeply anesthetized, and their excised spinal cords were imme-
diately fixed and placed in 5-mm NMR tubes. Shown are representative maps of spinal cords of rats immunized with spinal cord homogenate
and control rats, after contusion. Colors correspond to anisotropy ratios. The maps show the preservation of longitudinally ordered tissue
at the lesion sites of the immunized rats. Note that the site of injury in the controls is much larger than in rats from the immunized group.
The center of the injury site (asterisk) was determined by the slice with the lowest anisotropy value (290 arbitrary units in the immunized rat

[BBB =8.5] and 167 units in the control rats [BBB = 6]).
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EAE-resistant rats display a better functional recovery than rats from
an EAE-susceptible strain. Age- and weight-matched SPD and Lewis
male rats (n = 5) suffered spinal cord contusion at level T9. Func-
tional recovery was blindly scored using the BBB locomotor rating
scale. SPD rats showed significantly better hindlimb locomotion
starting from day 20 and at all time points examined thereafter
(*P<0.05; **P < 0.01; two-tailed Student’s ¢ test). This result sup-
ports our previous findings (see the text) suggesting that animals that
are resistant to pathogenic autoimmunity are capable of mounting
a spontaneous protective autoimmune response after CNS injury.

MBP-reactive T cells (15), none of these rats showed any
significant locomotor function when examined weekly,
up to 4 months after transection (data not shown).
Postinjury immunization with altered peptide ligands: neuro-
protection with reduced risk of disease. Having observed that
complete paralysis after ISCI can be prevented by active
postinjury immunization with myelin-associated anti-
gens, we proceeded to search for a safe (i.e., nonpathogen-
ic) peptide for purposes of immunization. One way to
develop an immunization protocol that will benefit the
injured spinal cord and be safe in both susceptible and
resistant strains might be to use an encephalitogenic
attenuated peptide (e.g., an APL). Examples of such pep-
tides are MBP-derived encephalitogenic peptides modified
at their T cell receptor-binding site, making them still rec-
ognizable to the T cells but no longer pathogenic (32, 33).
We used the encephalitogenic MBP peptide (amino acids
87-99) in which residue 91 (lysine) was replaced with
glycine (G91) or residue 96 (proline) was replaced with ala-
nine (A96). These peptides, which are nonencephalito-
genic, were shown to regulate the proliferative response
and significantly modify the cytokine secretion profile of
encephalitogenic MBP 87-99-reactive T cells (32). We
found that immunization after the ISCI with either of
these APL peptides emulsified in CFA (0.5 mg/ml bacte-
ria) led to an enhanced recovery of motor activity in both
Lewis and SPD rats. After severe spinal cord contusion,
five female Lewis rats were immunized intradermally at
the base of their tails with the APL G91 (100 pg/rat) in
CFA (0.5 mg/ml bacteria), and five littermates (control)
were injected with PBS in the same adjuvant (Figure 7).
Significantly better locomotor function was observed in
the G91-immunized rats than in the controls (P < 0.05,
two-way ANOVA with replications). Three uninjured lit-
termates immunized with G91 in CFA showed no EAE

symptoms. In a second set of experiments, male SPD rats
(n=61in each group) were immunized, directly after spinal
cord contusion, with A96 (100 pg/rat or 500 pg/rat) in
CFA (0.5 mg/ml bacteria). Rats immunized with 100 ug
A96 performed significantly better than did PBS-injected
controls, starting from day 15 after contusion and at all
time points thereafter (P < 0.05, two-way ANOVA with
replications; Figure 8a). Interestingly, however, rats immu-
nized with 500 pg A96, rather than 100 ug, performed sig-
nificantly worse than did PBS-injected controls (P < 0.0,
two-way ANOVA with replications; Figure 8b). This find-
ing might provide a possible explanation for the exacer-
bation observed in patients with multiple sclerosis treat-
ed with extremely high doses of APLs (50 mg/week) (34).

Discussion
This study presents a novel therapeutic posttraumatic
vaccination protocol for CNS injuries. Furthermore, the
use of an altered encephalitogenic peptide in treating
ISCI provides a way whereby a full benefit can be
obtained without the risk of developing autoimmune
disease, even in individuals that are susceptible to devel-
opment of autoimmune diseases (e.g., multiple sclero-
sis). This strategy can therefore be used in translating
this treatment into a clinically applicable therapy. The
benefit of immunization is manifested by a significant
improvement in the recovery of motor performance and
can be achieved in rat strains that are prone to autoim-
mune disease development, as well as in those that are
not. The observed differences in the rate of spontaneous
recovery from ISCI between the strains appear to be
attributable to the differences in their ability to sustain
a T cell-dependent beneficial immune response (17).
The initial purpose of this work was to determine
whether posttraumatic immunization can be as effec-
tive as passive transfer of T cells in promoting recovery
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Figure 6

Functional outcome of spinal cord contusion in an EAE-resistant strain
can be improved by active immunization. Five male SPD rats were
immunized with spinal cord homogenate emulsified in CFA (contain-
ing 0.5 mg/ml bacteria), and five were injected with PBS in the same
adjuvant. Twelve days later, the rats were subjected to spinal cord con-
tusion and their locomotor behavior in an open field was scored at the
indicated times. Significantly better recovery was observed in the
immunized rats than in the PBS-treated controls (P < 0.05, two-way
ANOVA with replications; *P < 0.05, two-tailed Student’s t test).
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Figure 7

Immunization with a “safe,”

nonencephalitogenic, modified MBP
peptide can promote recovery from spinal cord contusion. Five female
Lewis rats were immunized, immediately after spinal cord contusion,
with G91 peptide (100 pg/rat) emulsified in CFA (containing 0.5
mg/ml bacteria). Five female littermates were subjected to spinal cord
contusion and immediately injected with PBS in the same adjuvant.
Significantly better functional recovery was observed in the immunized
rats than in the PBS-treated controls (P < 0.05, two-way ANOVA with
replications; *P < 0.05, two-tailed Student’s ¢t test). Mean maximal
locomotor score was 6.75 + 0.56 in the G91-vaccinated rats (n = 5),
3.75+0.46 in the PBS-CFA-injected rats (n = 5),and 1.5+ 0.8 in the
PBS-injected rats (n = 6, data not shown in the figure).

after ISCI. We then strove to find a way to avoid the
risk of autoimmune disease while maintaining the full
benefit of the posttraumatic immunization. The
effects of different immunization protocols were
examined by injecting rats with MBP or spinal cord
homogenate emulsified in IFA or in CFA containing
different amounts of bacteria. Finding that the con-
centration of the adjuvant can affect the functional
outcome of the injury suggests a delicate balance
between beneficial and pathogenic autoimmunity
(both physiologically and after therapeutic interven-
tion), which is influenced not only by the antigen, but
also by the adjuvant. Moreover, a potent adjuvant by
itself may affect the outcome by boosting the endoge-
nous response, with opposing effects in genetically dif-
ferent strains. An adjuvant with a relatively large bac-
terial component might produce a response that
would mask, compete with, or augment the response
against the coinjected myelin antigen. This response
might also affect the endogenous physiological neu-
roprotective response. Indeed, our earlier studies using
the optic nerve model have implied the possibility that
an adjuvant containing high bacterial concentration
may boost the endogenous protective response in
resistant strains and worsen the endogenous outcome
in susceptible strains (17). Recently, we attempted to
find a correlation between protective autoimmunity
and extent of inflammation observed in and around
the lesion site, using immunocytochemical staining
procedures. Interestingly, the presence of macrophages
and T cells did not necessarily provide a resolution
with respect to the positive or negative contribution of
these cells to the overall outcome of the insult. The

phenotype of the cells and their antigenic specificity
(related to T cells) are currently under investigation.

We have previously shown, using models of ISCI or
optic nerve injury, that the timing, type, and strength of
the autoimmune response are crucial factors in deter-
mining the outcome of treatment. For example, immu-
nization with the encephalitogenic peptide PLP139-151
in a mouse model of optic nerve crush was found bene-
ficial only when the EAE symptoms it induced were
mild (21). Likewise, using a protocol that resulted in
very severe symptoms of EAE had a highly unfavorable
outcome in injured rats (present work; E. Hauben et al.,
unpublished observations). Immunization with a very
high dosage of antigen might also be ineffective or
destructive because the resulting anergy might elimi-
nate the response against the antigen and perhaps also
suppress the physiological neuroprotection. These
observations are in line with our current suggestion that
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Figure 8

Immunization after ISCl with a modified MBP peptide promotes
functional recovery in EAE-resistant SPD rats. (a) Six SPD male rats
were immunized, immediately after spinal cord contusion, with A96
peptide (100 pg/rat) in CFA (containing 0.5 mg/ml bacteria), and
six littermates were injected with PBS in the same adjuvant. Rats
immunized with A96 recovered significantly better than PBS-inject-
ed controls (P < 0.05, two-way ANOVA with replications; *P < 0.05,
two-tailed Student’s t test). Mean maximal locomotor score was 7 +
0.96 in the A96-vaccinated rats (n = 5), 3.9 £ 0.45 in the PBS-
CFA-injected rats (n = 5), and 3.0 = 0.8 in the PBS-injected rats
(n =6, data not shown in the figure). (b) Immunization of SPD male
rats (n = 5), immediately after spinal cord contusion, with A96 pep-
tide (500 pg/rat) in CFA (containing 0.5 mg/ml bacteria) had a sig-
nificant negative effect on functional recovery (P < 0.05, two-way
ANOVA with replications).
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protective autoimmunity depends on the availability of
autoimmune T cells and regulatory T cells, the nature
of which are currently being investigated (18, 22, 23).
These observations should lead to a resolution of the
long debate as to whether inflammation is bad and
should be avoided or good and should be augmented,;
the answer being that it should be modulated and opti-
mized in time and amount to yield the optimal benefit.

Studies in our laboratory have shown that CNS injury
evokes a physiological T cell-mediated immune response
that can improve the spontaneous outcome of a second
injury to another CNS site and can be transferred from
spinally injured rats via ex vivo MBP-activated spleno-
cytes to newly injured rats with resulting improvement in
their functional outcome (18). In a more recent study, it
was demonstrated that the survival rate of retinal gan-
glion cells after crush injury to the optic nerve or gluta-
mate insult to the retinal ganglion cells is significantly
higher in rat and mouse strains that are resistant to EAE
than in susceptible strains (17, 35). This difference could
not be detected in adult rats that were thymectomized
soon after birth and therefore lacked immune responses
mediated by T cells (17). Taken together, these findings
suggest that in resistant strains, the physiological T
cell-dependent immune response, which spontaneously
occurs after CNS trauma, significantly improves recov-
ery. However, in susceptible strains, there is either no such
naturally occurring response, or the response occurs at a
nonoptimal time, and the outcome of CNS injury is
therefore relatively poor. Our present findings show that
active immunization, even in EAE-resistant SPD rats,
yielded significant boosting of the neuroprotective effect.
It appears that EAE-susceptible strains lack the control
mechanism that promotes the physiological beneficial
autoimmune response, but that this response can, never-
theless, be induced by immunization, depending on the
choice of antigen and adjuvant.

In searching among the CNS injury-associated pro-
teins for a “safe” (nonpathogenic) antigen for thera-
peutic immunization, we examined the posttraumat-
ic effect of a peptide, which, although originally
encephalitogenic, was modified by the replacement of
a single amino acid in its T cell receptor-binding site
(a manipulation that ameliorated the pathogenic
effect). The mechanism whereby APLs diminish
encephalitogenicity is still not fully understood. It was
proposed that these peptides deliver a dominant neg-
ative signal to a subpopulation of T cells (36). Other
studies have proposed that the APLs change the polar-
ity of the autoreactive T cells from Th1 to Th2 (32, 37)
or alter cytokine production (38). The general notion
is that APLs provide a partial T cell signaling (39).
Immunization with APLs in our experimental para-
digm may be viewed as analogous to vaccination
against invading microorganisms using an inoculum
consisting of their nonvirulent forms. It is possible
that vaccination with APLs induces the production of
antigen-specific regulatory T cells without inducing
proliferation of encephalitogenic T cells (40).

We found that a single vaccination with APLs emulsi-
fied in CFA, given immediately after spinal cord contu-
sion, triggers boosting of the endogenous neuroprotec-
tive effect in resistant strains and induction of this effect
in susceptible strains. Given that the use of APLs in CFA
is not accompanied by the risk of autoimmune disease,
even in susceptible strains, it is possible to use this
approach in searching for a therapeutic vaccination for
ISCI. Recent studies have demonstrated that repeated use
of such peptides in high doses may not be safe in some
patients with severe multiple sclerosis (34). However,
when patients with multiple sclerosis were given a single
dose, no adverse effects were reported. In fact, adminis-
tration of lower doses of this altered peptide reduces the
extent of inflammation on MRI scans, apparently with-
out exacerbating the disease (41).

Further studies are needed to identify or develop a
safe peptide that can be used by all individuals, whether
or not they are susceptible to autoimmune disease
development. The synthetic oligopeptide Copolymer-1
(Cop-1) has already been found by our group to yield
promising results in rats with optic nerve injury (35,
42). This copolymer, which is known to be nonen-
cephalitogenic, has been approved by the FDA as an
immunosuppressive drug for the treatment of multi-
ple sclerosis (42, 43). The observed benefit in using the
altered peptides and Cop-1 may result from boosting
of the regulatory arm of the protective autoimmune
network (22), or partial activation of the autoimmune
T cells (39), both of which are apparently essential for
the protective autoimmunity (22). This issue is under
investigation in our laboratory.

In the past, posttraumatic inflammation was viewed as
destructive, and therapy based on the use of anti-inflam-
matory drugs was therefore generally regarded as bene-
ficial. Our studies, which suggest that immune cells are
part of the body’s own repair mechanism even in cases of
CNS trauma, argue against immunosuppression and
encourage immunomodulation aimed at increasing the
beneficial effect of the immune system while reducing
undesirable side effects. Recently we demonstrated that
the use of anti-inflammatory drugs in combination with
the present strategy of active vaccination abolished the
benefit of the vaccination under conditions where the
anti-inflammatory drugs by themselves had no effect (E.
Hauben et al., unpublished results).

The results of this study show that in rats with severe
spinal contusion, complete paralysis can be prevented
and recovery thus promoted by posttraumatic immu-
nization with synthetic peptides. They also show that
both susceptible and resistant strains can benefit from
postinjury immunization, and that the beneficial effect
on neuroprotection is influenced by the choice of both
the peptide and the adjuvant.
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